Siliceous microfossil succession in Lake Michigan
Abstract-Quantitative analysis of siliceous microfossils in 210Pb-dated Lake Michigan sediments shows five time zones in microfossil abundance and composition. Sediments deposited before 1885 contain low abundances comprising species associated with very oligotrophic lakes. Between 1885 and 1925 abundance increases slowly as does the ratio of planktonic diatoms to benthic diatoms and chrysophyte remains. These trends accelerate in sediments deposited between 1925 and 1964, most rapidly between 1954 and 1964 . Maximal microfossil abundance occurs in sediments deposited -1964 and numbers, particularly of oligotrophic species with summer abundance maxima, decline thereafter. This sequence appears to reflect progressive eutrophication of Lake Michigan culminating in silica limitation during summer stratification after the mid-1960s.
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The role of various factors in driving changes in phytoplankton community structure in the Great Lakes remains a topic of considerable interest and debate. Some time ago we (Schelske and Stoermer 197 1, 1972) advanced the hypothesis that reduction in available silica concentration was a major factor in Lake Michigan. The silica depletion hypothesis rests on two major assumptions: that increased phosphorus loading results in increased production of diatoms and other phytoplankton which require or utilize silica and that some fraction of the siliceous remains of these organisms is sequestered in sediments. In systems such as Lake Michigan where hydraulic renewal times are relatively long (m 100 yr) and the lake surface constitutes a significant (N 30%) portion of its total drainage basin (Schelske 1975) , relatively modest increases in silica storage can result in decreased concentrations of available silica in the water column. Progressive reduction in silica availability should have two successive effects. Initially it should confer competitive advantage on diatom species adapted to relatively low Si:P ratios or to growth during winter circulation. Further reductions in silica availability should limit diatom growth in summer and result in summer production mainly by phytoplankton species that do not require silica for growth. Thus resource limitation could have effects at the levels both of populations and of major physiological groups.
According to our interpretation, quantitatively analyzed cores from the Great Lakes (Frederick 1981; Schelske et al. 1983; Stoermer et al. 1985a Stoermer et al. ,b,d, 1987 Wolin et al. 1988 ) demonstrate such effects. This interpretation is not universally shared. The main contention is based on a paper by Parker and Edgington (1976, p. 893 ) who concluded that "the permanent sediment does not appear to be an important sink for large quantities of biogenic silica in Lake Michigan. . . ." This conclusion was based on an apparent logarithmic decrease in quantities of diatom remains downcore, which Parker and Edgington attributed to dissolution of diatom frustules after deposition, and on the fact that diatom remains recovered accounted for only a minor fraction of the potential flux calculated on the basis of conservative production estimates. Based on these considerations, Edgington (1984) argued that historic changes in phytoplankton community structure in Lake Michigan resulted largely from modification of communities at higher trophic levels.
We have undertaken quantitative analysis of diatoms and other siliceous microfossils in a core which extends well beyond western settlement in the Lake Michigan drainage basin to address the issue of preservation or nonpreservation of siliceous microfossils in Lake Michigan sediments. The results form the basis of the following report.
The core analyzed was lifted from station K34 (44"36.9'N, 86"321.6'W) , near the deepest sounding in Lake Michigan, in June 1983 with a benthos gravity corer. The coring locality is in the northern basin, which receives the least anthropogenic nutrient loading and is the least perturbed region of the lake. Methods and procedures of analysis have been described previously (Stoermer et al. 1985b ). Cluster analysis reported is based on Euclidean distance measure and the average distance clustering method (Carney 1982) .
The biogenic silica profile ( Fig. 1 ) is characterized by low and relatively constant values below 10 cm, a rapid increase in concentration to a peak between 2 and 3 cm, and declining values thereafter. Similar to chemically measured biogenic silica, total siliceous microfossil abundance is relatively low and constant below 10 cm in the section, rises to a strong peak at 2.5-3.0 cm, and then declines toward the surface (Fig.  2 ). The single exception is an isolated peak in abundance in the 20-22-cm sample. Planktonic diatoms are the most abundant microfossils found in all strata of the core. Chrysophyte remains are present in small numbers in all samples. Their absolute and relative abundance tends to increase with depth, although there is a good deal of variation. There seem to be long-period cycles of relative chrysophyte abundance imposed of benthic diatoms occurs in the sample from on the generally declining trend.
20 to 22 cm. Benthic diatoms (Fig. 3 ) are present at all levels and are proportionally more abundant in deeper samples. Benthic species range from 10 to 25% of the total microfossil assemblage in samples below 10 cm and decline in relative abundance toward the surface. The highest absolute abundance
We noted 170 morphotypes of algal remains during the study. Of them, 138 are diatoms and the remainder chrysophyte remains. Chrysophyte remains consist almost entirely of cysts. Scales and other structures are very rare. Only in a few cases were we able to associate the cysts encountered with living species and they are treated as form taxa. Listings of all taxa present can be obnoted in only one sample below 10 cm, and Cyclotella ocellata, which was most abuntained from E.F.S. dant at 30 cm. All of the numerically important Cj&o-tella species are regarded as characteristic of oligotrophic lakes. In Lake Michigan they reach greatest abundance in summer (Stoermer and Ladewski 1976) . Except for Cyclotella comensis, they were originally present throughout the Great Lakes system. Cyclotella operculata was present, but very rare, in all of the lakes and has become relatively abundant only in postsettlement samples from Lakes Huron and Michigan (Fig. 4) . All these species of Cyclotella have been virtually eliminated from the floras of Lakes Ontario (Stoermer et al. 19853) and Erie (Stoermer et al. 1987 ) but are still present and apparently increasing in abundance in Lakes Superior (Stoermer et al. 19854 and Huron (Wolin et al. 1988 ). In our samples they, except for C. comensis and C. operculata, are present in most strata studied. The general pattern of occurrence of Cyclotella species is similar, with low and relatively stable abundance in the lower section of the core, an increase to maximal absolute and relative abundance above 10 cm, followed by decreasing numbers toward the sediment surface. Exceptions are C. comensis and C. operculata, which were Both planktonic (Fig. 5) and benthic (Fig.  6 ) species of Fragilaria are present in samples from most levels of the core. Abundance declines markedly in the 3-cm sample and FragiZaria spp. are virtually absent from surficial sediments. Of major planktonic taxa, Fragilaria capucina is usually associated with eutrophic conditions in the Great Lakes (Stoermer 1978) , Fragilaria intermedia var. fallax is usually associated with oligotrophic conditions and has apparently been eliminated from Lake Ontario (Stoermer et al. 19853) , and Fragilaria crotonensis is apparently eurytopic and common throughout the Great Lakes system. Considered together Fragilaria species have two striking abundance maxima, at 3.0-3.5 cm and 20-22 cm. Planktonic species, particularly F. capucina and F. crotonensis, are most important in the 3.0-3.5-cm maximum and both benthic and planktonic taxa contribute to the 20-22-cm maximum, although benthic taxa are most important at this level. The most abundant benthic taxa are widely distributed species that tend to be particularly abundant in deep-living benthic communities from large lakes, in lateglacial deposits (Haworth 1975 (Haworth , 1976 , and in sediments of arctic lakes (Smol 1983) . The most striking feature common to small benthic Fragilaria spp. is the abundance maximum in the 20-22-cm sample (Fig. 6) .
Species of Melosira (Fig. 7 ) are common components of phytoplankton communities during winter circulation (Stoermer and Ladewski 1976) (Stoermer et al. 1985b (Stoermer et al. ,c,d, 1987 Wolin et al. 1988 ). Melosira abundance is relatively low and uniform in samples below 10 cm but increases to >70% of the assemblage in surficial sediments. This increase occurs in two stages, moderate increase in samples between 3 and 10 cm and more rapid increase in samples near the sediment surface. Melosira islandica contrib- niagarae are present throughout the pre-and ,~~~~::::::~ postsettlement record in Lakes Ontario (Stoermer et al. 19853) and Erie (Stoermer et al. 1987 Lakes, although it was once abundant in Lake Ontario (Stoermer et al. 19853 ).
Notes
Two main clusters are defined (Fig. 9) , which distinguish samples deposited before and after -1964. Within the latter cluster the surface sample is grouped with samples from 1.5 to 2.5 cm rather than with their nearest stratigraphic neighbors. Within the former cluster, samples deposited between 1954-1964, 1925-1964, and 1885-1925 are resolved further. All samples deposited before 1885, except the sample from 20 to 22 Our results do not support Parker and Edgington's (1976) conclusion that decrease in siliceous microfossil abundance with inutes most strongly to the initial rise and creasing sediment depth results largely from Melosira italica becomes strongly dominant dissolution. Reduction in abundance does in the near-surface sediments.
not continue in sediments deposited in the Species of Stephanodiscus (Fig. 8) is found in presettlement strata, particularly in the lower Great Lakes (Stoermer et al. 1985~) .
In our opinion the most probable explanation for the obvious quantitative and qualitative changes in Lake Michigan sedimentary microfossil assemblages is anthropogenic eutrophication in the postsettlement era (Schelske et al. 1983 (Schelske et al. , 1986 . We infer that samples from zone E represent the natural state of the system, before substantial intervention by European settlers. Accordingly, responses in zone D result from increased nutrient fluxes brought about by forest clearance, introduction of extensive agriculture, and general human population growth. Samples in zone C reflect acceleration of these trends. The very rapid transition in zone B reflects response to introduction of phosphate-based detergents and increase in the proportion of population served by sanitary sewers in the post-World War II era. We conclude that samples from zone A reflect changes in siliceous microfossil deposition resulting from silica limitation during summer stratification. At some level the microfossil record must also record the effects of other external forcing functions and effects of internal biotic interactions. However our results support the view that any such effects are small (Lehman 1988) compared to effects of increased phosphorus loading.
In evaluating this scenario, it should be remembered that only one core was analyzed but that it probably represents the least modified conditions in Lake Michigan. Sedimentary sequences in the southern basin of the lake might be expected to reflect both earlier and more extensive effects. For instance it is well known that severe, by the standards of the day, local sewage pollution problems occurred in the Chicago area in the 1870s and 1880s (Briggs 1872; Thomas and Chase 188 1). The political response to these problems, diversion of sewage from the Chicago metropolitan region to the Mississippi drainage via the Chicago Sanitary and Ship Canal, was likely the most important factor in preserving relatively high water quality in Lake Michigan.
Granting real differences in planktonic floras indigenous to lakes in the Great Lakes system, it is possible to arrive at an approximate comparison of present conditions in Lake Michigan to past states in the lower lakes. It is clear that Lake Michigan is in a much earlier successional stage. Comparison of population responses leads to the conclusion that Lake Michigan during the 1970s passed through the same changes that occurred in Lake Ontario (Stoermer et al. 19853) -1900 . In retrospect it is somewhat ironic that our original hypothesis (Schelske and Stoermer 197 1, 1972 ) was based on experiments carried out in Lake Michigan during the critical period. With the value of hindsight, interlake comparative experiments in the early 1970s or institution of a comprehensive routine measurement program in the 1950s and 1960s would probably have served to clarify the situation earlier.
Although the magnitude of postsettlement changes overwhelms presettlement events, our results do not imply the presettlement environment of Lake Michigan was unchanging. We have already noted the apparent cyclic pattern of chrysophyte abundance imposed on a generally declining trend in presettlement samples. We also call attention to the exceptional relative abundance of F. crotonensis in samples between 11 and 16 cm (-1811-1864) . Bradbury ( 1988) postulated that high abundance of this species is associated with limited spring circulation and high summer production. This suggestion is congruent with our observations on recent phytoplankton assemblages in Lake Michigan (Stoermer and Ladewski 1976 ) and Hartig's (1987) work in Lake Erie. Perhaps the most intriguing problem in our presettlement material is sample 27 (-1735). Species composition (atypical abundance of small benthic FragiZaria and oligostenothermal
Stephanodiscus) suggests that Lake Michigan underwent a period of extreme low temperatures at this time. Bradbury ( 1988) noted a similar episode in Elk Lake somewhat earlier, but likely within dating error. Resampling and reanalysis of material from interval 27 convinces us that its outlier status does not result from a subsampling or preparation artifact. Our data thus suggest natural perturbation events in the presettlement history of Lake Michigan, but extended sampling and analysis would be necessary to define them. of caging techniques, which have been used successfully in numerous studies (see Paine 1977) . Cage experiments have generally controlled for cage effects by including "roofed" cages, open at the sides to allow access of crawling invertebrates, but presumably producing shading and hydrodynamic effects similar to those of the fully enclosed cages. Effects of caging on the physiological environment of study organisms have rarely been investigated directly. Therefore it seemed worthwhile to examine the effects of cages on the thermal environment.
Operative temperature (T,) is a means of describing the microclimate of an area with a model of the organism as the temperature probe. re incorporates all the avenues of
